**Research Highlights**

\(1\) Studies of plasticity in the neural basis of language in pathological conditions have mainly focused on cerebral cortex, while subcortical pathways have largely been ignored. Although several studies have examined changes in subcortical pathways in glioma using intraoperative electrical stimulation, this method can only examine changes in subcortical pathways at the boundary of a tumor. In the current study, we divided the left hemisphere into four regions according to the dual stream model, and examined patients with tumors in only one region. This method solves the problem that tumor in different areas may have different effects on language pathways.

2 Cases in which only the dorsal pathway was affected were included in this study. Examining changes in the ventral pathway revealed plasticity in the language pathways of patients with low-grade glioma. The results suggest that ventral language pathways may take on compensatory functions in patients compared with healthy subjects. These findings highlight the importance of intraoperatively protecting the ventral language pathways.

INTRODUCTION {#sec1-1}
============

Low-grade glioma (WHO II grade glioma) is a common intracranial tumor representing approximately 15--25% of all glioma, with an average incidence of around 1 per 1 000 000 people per year. Low-grade glioma often invades the 'eloquent' areas, such as the insular cortex, supplementary motor area, premotor cortex, Broca\'s area and Wernicke\'s area, and has a tendency to migrate along the main white matter pathways\[[@ref1]\]. Nevertheless, most cases of low-grade glioma (\> 80%) are detected by seizure activity, with little or no neurological deficit\[[@ref1][@ref2]\]. This phenomenon can be explained by long-term brain plasticity due to the low growth rate of low-grade glioma\[[@ref3]\]. Increased knowledge of brain plasticity in low-grade glioma will help neurosurgeons achieve maximal resection while preserving neurologic function\[[@ref4]\], improving the life expectancy of low-grade glioma patients\[[@ref5][@ref6]\]. In addition, studying low-grade glioma patients can expand our understanding of brain plasticity more generally.

A number of preoperative functional neuroimaging studies of cortical plasticity in low-grade glioma have used functional MRI, positron emission tomography, and magnetoencephalography\[[@ref7][@ref8][@ref9][@ref10]\], leading to several proposed models of cortical reorganization\[[@ref11]\]. However, no imaging studies have examined white matter plasticity in the language pathways in low-grade glioma patients.

In diffusion tensor imaging, diffusion is measured in a series of different spatial directions, from which each pixel can be described as an ellipsoid with a different shape and orientation\[[@ref12]\]. Thus, diffusion tensor imaging can be used to parcellate white matter within substructures, and white matter tracts can be reconstructed based on diffusion tensor imaging data simply by connecting the fiber orientation information pixel-by-pixel. Tractography performed by diffusion tensor imaging has been found to correlate well with white matter\[[@ref13]\]. In addition, fractional anisotropy values can be used to describe certain characteristics of white matter\[[@ref14][@ref15]\]. Diffusion tensor imaging is currently the only way to investigate white matter in humans *in vivo*\[[@ref16]\], providing a noninvasive and feasible method for evaluating changes in the main language pathways.

The current study used diffusion tensor imaging to examine changes in language pathways in patients with low-grade glioma, investigating relative changes in the arcuate fasciculus, inferior longitudinal fasciculus and inferior fronto-occipital fasciculus in patients with low-grade glioma located in regions of interest.

RESULTS {#sec1-2}
=======

Quantitative analysis of subjects {#sec2-1}
---------------------------------

185 glioma patients were included in this study. Ten patients were selected as a case group ([Figure 1](#F1){ref-type="fig"}). An additional ten healthy individuals were included as controls. A total of 20 subjects were included in the final analysis.

![Flow chart of case inclusion.](NRR-8-647-g001){#F1}

Baseline data {#sec2-2}
-------------

Characteristics of patients are presented in [Table 1](#T1){ref-type="table"}. There were no significant differences between the patient and control groups in terms of sex (7 males and 3 females in each group, *P* = 1.00, chi-square test) or age (46 ± 5 years vs. 44 ± 4 years, *P* = 0.357; independent-samples *t*-test).

###### 

Clinical characteristics of patients with low-grade glioma

![](NRR-8-647-g002)

Tractography results {#sec2-3}
--------------------

Bilateral arcuate fasciculus, inferior longitudinal fasciculus and inferior fronto-occipital fasciculus were successfully reconstructed in all patients and controls (Figures [2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}).

![Tractography of arcuate fasciculus in patients with glioma and healthy controls.\
(A) The first region of interest lateral to the corona radiata on the coronal slice. (B) The second region of interest is drawn on the axial slice at the anterior commissure level lateral to the sagittal stratum. (C, D) 3D view of the arcuate fasciculus (purple) we reconstructed.\
In the diffusion tensor imaging color maps, red, green, and blue colors were assigned to right-left, anterior-posterior, and superior-inferior orientations, respectively.](NRR-8-647-g003){#F2}

![Tractography of inferior longitudinal fasciculus in patients with glioma and healthy controls.\
(A) The first region of interest is drawn on the coronal slice at the level of the posterior edge of the corpus callosum. (B) The second region of interest is drawn on the coronal slice at the level of the temporal lobe pole. (C, D) 3D view of the inferior longitudinal fasciculus (green) we reconstructed.\
In the diffusion tensor imaging color maps, red, green, and blue were assigned to right-left, anterior-posterior, and superior-inferior orientations, respectively.](NRR-8-647-g004){#F3}

![Tractography of inferior fronto-occpital fasciculus in patients with glioma and healthy controls.\
(A) The first region of interest is drawn on the extreme and external capsule on the coronal slice. (B) The second region of interest is drawn on the coronal slice at the occipital lobe pole level. (C, D) 3D view of the inferior fronto-occpital fasciculus (olive green) reconstructed.\
In the diffusion tensor imaging color maps, red, green, and blue were assigned to right-left, anterior-posterior, and superior-inferior orientations, respectively.](NRR-8-647-g005){#F4}

Fractional anisotropy values in the arcuate fasciculus, inferior longitudinal fasciculus and inferior fronto-occipital fasciculus between hemispheres in patients and healthy subjects {#sec2-4}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In healthy subjects, there was no significant difference in fractional anisotropy values in the arcuate fasciculus, inferior longitudinal fasciculus and inferior fronto-occipital fasciculus between hemispheres (*P* = 0.717, 0.684, 0.086, respectively; paired-samples *t*-test; [Table 2](#T2){ref-type="table"}).

###### 

Comparison of fractional anisotropy between hemispheres in patients with low-grade glioma and healthy controls

![](NRR-8-647-g006)

In patients, fractional anisotropy values in the inferior longitudinal fasciculus were lateralized to the left between hemispheres (*P* = 0.007; paired-samples *t*-test; [Table 2](#T2){ref-type="table"}), whereas fractional anisotropy values in the arcuate fasciculus and inferior fronto-occipital fasciculus were not lateralized between hemispheres (*P* = 0.725, 0.110 respectively; paired-samples *t*-test; [Table 2](#T2){ref-type="table"}).

Comparison of fractional anisotropy and lateralization index between patients and healthy subjects {#sec2-5}
--------------------------------------------------------------------------------------------------

Fractional anisotropy in the left inferior longitudinal fasciculus in patients was significantly higher than in healthy subjects (*P* = 0.032; independent-samples *t*-test). The lateralization index values of the inferior longitudinal fasciculus and inferior fronto-occipital fasciculus were significantly lateralized to the left in patients compared with healthy subjects (*P* = 0.005, 0.039, respectively; independent-samples *t*-test). There was no significant difference in fractional anisotropy and lateralization index values of the arcuate fasciculus between patients and controls ([Table 3](#T3){ref-type="table"}).

###### 

Comparison of fractional anisotropy and lateralization index between patients with low-grade glioma and healthy controls

![](NRR-8-647-g007)

DISCUSSION {#sec1-3}
==========

In 1874, Wernicke first proposed that the anterior and posterior language regions were connected by white matter fiber tracts based on seminal aphasiology lesion studies. Geschwind\[[@ref17]\] revived Wernicke\'s theory, proposing a model in which the left arcuate fasciculus, a large bundle running dorsally along the frontal, inferior parietal, and perisylvian temporal cortices, was the main white matter fiber tract thought to connect the classical Broca\'s (left inferior frontal gyrus) and Wernicke\'s (left posterior superior and middle temporal gyrus) language areas. Recent developments in diffusion tensor imaging and intraoperative subcortical mapping have led several researchers to propose a dual stream model for language\[[@ref18][@ref19][@ref20][@ref21][@ref22]\]. This model consists of two streams: dorsal and ventral. The dorsal stream refers to the arcuate fasciculus, while the ventral stream is constituted by at least two pathways: (1) a direct pathway in the inferior fronto-occipital fasciculus, connecting the posterior temporal areas and orbitofrontal region; and (2) an indirect pathway in the inferior longitudinal fasciculus, which links the posterior occipitotemporal and the temporal pole, relayed by the uncinate fasciculus, which connects the temporal pole to the basifrontal areas. This ventral pathway is argued to play a key role in language comprehension\[[@ref23]\], complementing the role of the arcuate fasciculus pathway in language production. The pathways and specialized brain areas (such as Broca\'s and Wernicke\'s areas) are thought to constitute a large-scale network for language. This study divided the left hemisphere into four regions according to this dual stream model.

Only the dorsal steam *i.e*. arcuate fasciculus was located in region 1. Neither the ventral nor dorsal steams were located in region 2. Both the ventral and dorsal streams were located in regions 3 and 4. We only included patients exhibiting low-grade glioma in region 1 in the current study, because the ventral pathway is not likely to be directly affected by low-grade glioma in these patients, and changes in the ventral pathway reflect the plasticity of language pathways.

Numerous studies of language pathways in patients with low-grade glioma have been performed using intraoperative subcortical mapping during surgery while patients were awake\[[@ref24][@ref25][@ref26]\]. Intraoperative subcortical mapping can provide direct functional information about the white matter tract, but only white matter tracts adjacent to a tumor can be investigated. Changes of overall language networks cannot be delineated. Diffusion tensor tractography provides a full view of the main tracts constituting the language networks. Fractional anisotropy values calculated based on diffusion tensor imaging data indicate the degree of directional sensitivity of water diffusion within a voxel, which is generally interpreted as an indicator for fiber connectivity, and is thus considered a suitable measure for exploring possible alterations in white matter tract micro-structure\[[@ref27]\]. The DtiStudio\[[@ref28]\] imaging processing software used in the current study is able to reconstruct the arcuate fasciculus, the inferior longitudinal fasciculus and the inferior fronto-occipital fasciculus with high reproducibility\[[@ref29]\]. As such, it is thought to provide a reliable tool for studying white matter.

Many factors can affect fractional anisotropy values. Tumor infiltration, edema around a tumor and demyelination of the white matter tract can decrease fractional anisotropy values, tumor compression and myelination of the white matter tract can increase it. All patients in the current study exhibited tumors in region 1, most likely affecting the left arcuate fasciculus. However, we found no significant difference in fractional anisotropy values in the arcuate fasciculus between groups or hemispheres. One possible explanation for this result is that only part of the arcuate fasciculus was affected by tumor infiltration and edema, while we calculated fractional anisotropy values over the entire tract. Alternatively, the fractional anisotropy values may have increased in some cases because of tumor compression.

Reorganization of language-specialized brain areas in patients with low-grade glioma has been reported in a number of studies using functional MRI, positron emission tomography, magnetoencephalography and intraoperative brain mapping. The language-specialized areas are thought to function like nodes in a language network. However, it remains unclear whether changes within these nodes are accompanied by changes in connectivity between these nodes (*i.e*. the language pathways). Yeatman *et al*\[[@ref30]\] reported a case of a 12-year-old girl missing the arcuate fasciculus but with an intact ventral stream bilaterally, who exhibited normal expressive language, sentence repetition, and reading ability, even though these functions are thought to depend on signals carried by arcuate fasciculus. Yogarajah *et al*\[[@ref31]\] observed increased fractional anisotropy values in the ventral stream in response to damage to the dorsal pathway in epilepsy patients. This report indicated that the ventral stream may compensate for the role of the arcuate fasciculus in pathological cases. The present study revealed that fractional anisotropy and lateralization index values in the left inferior longitudinal fasciculus, and lateralization index values in the left inferior fronto-occipital fasciculus were significantly higher in patients than in healthy subjects. These results may reflect structural reorganization in response to a slow-growing tumor, potentially providing an indicator for increased ventral stream connectivity, such that more signals are transferred through the ventral stream connecting the anterior and posterior language regions. The current results provide indirect evidence supporting the dual stream language model. The dorsal and ventral pathways both play a role in language; the current findings suggest that the ventral pathways may compensate the role of the dorsal pathway when the dorsal pathway is inhibited. In addition, our findings also highlighted the importance of protecting the ventral language pathways in low-grade glioma surgery, since its role may be different from that in healthy subjects. However, diffusion tensor imaging is only capable of providing anatomical information, and cannot examine functional changes. Combined anatomical and functional studies\[[@ref32]\] are required to verify that ventral pathway function is enhanced in low-grade glioma, and to clarify the potential mechanisms underlying such an effect.

The current study involves several limitations. First, our sample size was small, weakening the statistical analysis. As such, we were unable to analyze the effects of age, gender and pathology on the plasticity of the language pathway in patients. Second, diffusion tensor tractography can only reconstruct large-scale white matter tracts, meaning that changes in small tracts related to language function cannot be examined. A voxel-based diffusion-tensor imaging study\[[@ref33]\] may clarify this issue. Third, the current study was cross-sectional in design. A longitudinal study including preoperative, postoperative and follow-up diffusion tensor imaging data is needed to better understand white matter changes.

In conclusion, fractional anisotropy values in the left ventral language pathways were increased in patients with low-grade glioma compared with healthy subjects. These findings indicate language pathway reorganization, possibly explaining the presence of normal preoperative language function. Further functional studies are required to confirm and extend the current findings. This study provides a basis for future research into the plasticity of language pathways in patients with low-grade glioma.

SUBJECTS AND METHODS {#sec1-4}
====================

Design {#sec2-6}
------

A retrospective study in radiology.

Time and setting {#sec2-7}
----------------

Experiments were performed in the Nuclear Magnetic Resonance Laboratory, Department of Neurosurgery, Chinese PLA General Hospital, China from April 2010 to April 2012.

Subjects {#sec2-8}
--------

We recruited 185 patients undergoing surgery for glioma (diagnosis confirmed by postoperative pathological examination) involving the left frontal lobe at the Chinese PLA General Hospital. Among the 185 patients, 10 patients fulfilled the following inclusion criteria: (1) patients underwent diffusion tensor imaging scanning in our hospital preoperatively; (2) the tumor location was confined to the left frontal region above the level of the superior insular fissure and anterior to the posterior edge of the corpus callosum (as shown in [Figure 5](#F5){ref-type="fig"}); (3) the functional MRI and Edinburgh handedness index indicated left language dominance\[[@ref34]\]; (4) preoperative language function was normal (aphasia quotients \> 93.8)\[[@ref35]\]; (5) the tumor diameter was more than 3 cm; (6) pathological diagnosis revealed WHO II grade glioma. Exclusion criteria: patients with disease that may affect white matter, such as multiple sclerosis, dementia and schizophrenia were excluded.

![The regions we defined in the included patients.\
(A) Middle sagittal view of the horizontal and vertical section. The vertical section (white arrow) we defined is at the posterior edge of the corpus callosum.\
(B) Coronal view of the horizontal section we defined, arcuate fasciculus (purple) is above the section, the inferior longitudinal fasciculus (green) and the inferior fronto-occpital fasciculus (olive green) are under the section.\
(C) Paramedian sagittal view of the horizontal section we defined. The horizontal section is at the level of the superior insular fissure (black arrow). The inferior longitudinal fasciculus (green) and the inferior fronto-occpital fasciculus (olive green) are under the section.\
(D) The hemisphere is divided into four regions by the horizontal and vertical sections we defined. Only patients with tumors located in region 1 are included. The inferior longitudinal fasciculus (green) and the inferior fronto- occpital fasciculus (olive green) located in regions 3 and 4.](NRR-8-647-g008){#F5}

Of the 10 included patients, seven were male and three were female, with ages ranging from 35 to 54 years. A total of 10 normal right-handed controls (from the healthy check-up population) were also tested (seven males and three females, ages ranging from 38 to 49 years). Handedness was determined using the Edinburgh handedness inventory. Informed consent was provided by participants and family members, and the study was conducted in accordance with the *Declaration of Helsinki*.

Methods {#sec2-9}
-------

### Image acquisition {#sec3-1}

Diffusion tensor imaging was performed with a 1.5 T scanner (Siemens Espree, Erlangen, Germany). We used a single-shot spin-echo diffusion weighted echo-planar imaging sequence\[[@ref36]\]. The sequence parameters were as follows: echo time 147 ms, repetition time 9 400 ms, matrix 128 × 128, field of view 232 mm × 232 mm, slice thickness 2.7 mm. 12 directions of diffusion-weighted imaging, *b*~1~ (high *b* value) 1 000 s/mm^2^, *b*~0~ (low *b* value) 0 s/mm^2^, voxel size 1.8 mm × 1.8 mm × 2.7 mm. Forty-five layers were continuously acquired four times to improve the signal-to-noise ratio. Co-registered magnetization-prepared rapid gradient echo images were recorded for anatomical guidance.

### Image processing {#sec3-2}

Diffusion tensor imaging datasets were transferred to a PC running Windows. The DICOM files were converted to the 4D NifTI image format for analysis using dcm2nii software (University of South Carolina, Columbia, NJ, USA, [www.mricro.com](www.mricro.com)). We used diffusion tensor imaging studio (Hangyi Jiang and Susumu Mori, Johns Hopkins University and Kennedy Krieger institute, <http://godzilla.kennedykrieger.org> or <http://lbam.med.jhmi.edu>) analysis software to process the data. Images were first realigned using the Automatic Image Registration command to remove any potential small bulk motions that occurred during the scans. All diffusion-weighted images were then visually inspected by the researchers for apparent artifacts due to subject motion and instrument malfunction. The six elements of the diffusion tensor were calculated for each pixel using multivariate linear fitting\[[@ref29]\]. After tensor diagonalization, three eigenvalues and eigenvectors were obtained and fractional anisotropy maps were calculated. The eigenvector associated with the largest eigenvalue was used as an indicator for fiber orientation. In the diffusion tensor imaging color maps, red, green, and blue colors were assigned to right-left, anterior-posterior, and superior-inferior orientations, respectively.

### Tractography {#sec3-3}

The arcuate fasciculus, inferior longitudinal fasciculus and inferior fronto-occipital fasciculus were reconstructed. Fiber assignment was performed with a continuous tracking algorithm\[[@ref37]\] in this study with a fractional anisotropy threshold of 0.2 and an inner product threshold of 0.70. Fiber tracking was performed using diffusion tensor imaging studio (Johns Hopkins University and Kennedy Krieger institute, Baltimore, MD, USA). A multi-region of interest approach was used to reconstruct tracts of interest, exploiting existing anatomical knowledge of tract trajectories. Tracking was performed from all pixels inside the brain (brute-force approach) and results penetrating the manually defined regions of interest were assigned to the specific tracts associated with the regions of interest. We defined the regions of interest according to previously reported protocols\[[@ref27]\]. After tracts were reconstructed, mean fractional anisotropy was calculated over the entire tract. The lateralization index was used to express relative change of fractional anisotropy values between hemispheres. The lateralization index was calculated from the following equations\[[@ref38]\]:

Lateralization index of fractional anisotropy = 100 × (left fractional anisotropy -- right fractional anisotropy)/(left fractional anisotropy + right fractional anisotropy)

### Statistical analysis {#sec3-4}

All data were analyzed using SPSS 17.0 software (SPSS, Chicago, IL, USA). Fractional anisotropy and lateralization index data were presented as mean ± SD. The independent-samples *t*-test and chi-square test were used for comparisons between groups. Paired-samples *t*-tests were used for comparison between hemispheres. A *P*-value less than 0.05 (two-sided) was considered statistically significant.
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